1984; 63.929-45 Review Article Molecular Mechanisms of Anesthesia Issaku Ueda, MD, and Hiroshi Kamaya, MD More than a century after the discovery of anesthesia, the mode of action of anesthetics is still not fully understood. Enthusiasm among anesthesiologists for elucidating the mechanisms of action of anesthetics appears to have receded in recent years, presumably because the method of study became more oriented toward basic sciences. How anesthetics act, however, continues to be a matter of biologic and pharmacologic importance.
Elucidation of anesthesia mechanisms has been pursued in a variety of disciplines, including biochemistry, neurochemistry, physiology, neuropharmacology, and biophysics. These different approaches will converge into a unified concept in the future. At present, however, the gap between these different approaches appears to be large, and this article is limited to the review of biochemical and biophysical theories of molecular mechanisms of anesthesia.
Biochemical Mechanisms
Because oxygen consumption is depressed during anesthesia, it is natural to expect that anesthetics somehow inhibit the oxidative enzyme systems in the brain. At a cellular level, however, anesthetics fail to inhibit oxygen consumption in isolated brain slices. For an explanation of this negative effect, McIlwain (1,2) considered that the respiration of brain slices may be much lower than that of the brain in situ, which receives constant stimulation from neuronal networks. He demonstrated that the respiration of brain slices increased when electrically stimulated and the increment of the oxygen consumption was susceptible to anesthetic inhibition at low concentrations. This phenomenon is probably related to the respiratory control by ADP, where oxidation does not occur when there is not enough ADP to be converted into ATP. In other words, electrons do not flow to oxygen unless ATP is not consumed, a phenomenon known as coupling between oxidation and phosphorylation of ADP.
Clarification of the mitochondrial machinery that couples oxidation to the synthesis of the so-called high energy phosphates and the notion that the high energy phosphates are the universal source of energy for all biological activities led to speculation that suppression of the oxidative process would decrease the ATP level in the brain. This possibility was the main subject of investigation in the 1950s (see, for instance, reviews by Quastel (3,4)).
Uncoupling Theory
Brody (5) proposed the uncoupling theory of anesthesia. This theory postulated that anesthetics decrease ATP concentration in the brain by uncoupling oxidation from ATP synthesis in the mitochondrial machinery. However, anesthesiologists are, since the discovery of malignant hyperthermia, now well aware that uncoupling would increase rather than decrease oxygen consumption. Uncoupling may be the cause of hyperthermia, but hardly the cause of anesthesia.
Mitochondria1 Electron Trmzsport
At a subcellular level, the decrease of oxygen consumption during anesthesia means that the function of the electron transport system is suppressed. There are at least two ways to inhibit electron transport; one is direct inhibition upon the oxidative enzymes that constitute the electron transport machinery; the other is accumulation of ATP (or depletion of the phosphate acceptor, ADP).
Inhibition of electron transport as a cause of anesthesia is an attractive idea, and reports on mitochondrial respiration (stimulated or otherwise) have continued to appear until recently (6) (7) (8) . The primary site of inhibition in the electron transport chain has been identified to be at the NADH-Q reductase complex, often referred to as the rotenone-and amytal-sensitive site. At higher anesthetic concentrations, succinate oxidation that bypasses the amytal-sensitive site also becomes suppressed. With or without uncoupling, suppression of electron transport would decrease high energy phosphates in the brain. Again, the expectations are that the decreased ATP level would diminish the neuronal activity. However, efforts to demonstrate a decreased level of ATP during anesthesia have been unsuccessful (9-12); the ATP content in the brain shows little change by anesthetics. If anything, anesthetics increase the ATP content. The cause of this increase may be the protective effect of anesthetics upon animals from the stimuli of the sampling procedure. The excitement associated with sampling in unanesthetized animals would certainly deplete ATP, and the effect of anesthetics is difficult to evaluate bv biochemical methods (9-12). Nuclear magnetic resonance (NMR) spectroscopy of naturally abundant 31phosphorus can separate signals from phosphorus nuclei from all organic phosphates in the frequency domain (13-15). Yokono et al. (15) measured changes in phosphocreatine, ATP, inorganic phosphate, phosphodiesters, sugar phosphates, and intracellular pH in the brain of intact rats during hypoxia by focusing magnetic field to the brain. Such noninvasive method is designated as topical magnetic resonance (14, 15) , and is expected to clarify the above problem.
These observations lead to speculation that instead of ATP synthesis, ATP hydrolysis or the energy transduction from high energy phosphates into neuronal activity may be suppressed by anesthetics (9). If so, then the decreased ATP utilization would increase the ATP content in the brain, decrease the concentration of phosphate acceptor, and this would suppress the oxygen uptake through the tight coupling mechanism.
Erzergy Tmnsduction nnd ATP Hydrolysis
Despite the apparent simplicity and straightforward rationale for such studies, demonstration of actual inhibition of ATP utilization during anesthesia is difficult and has not been successful. Because the metabolism of the brain in situ depends mainly on glycolysis, it is anticipated that the two ATP-requiring enzymes in the glycolytic pathway (hexokinase that phosphorylates glucose to glucose-1-phosphate, and phosphofructokinase that phosphorylates fructose-6-phosphate to fructose-1,6-diphosphate) may be inhibited by anesthetics.
Metabolically, the brain is a special organ. It is protected by the blood-brain barrier, which selectively prevents fatty acids from entering into the brain. This is well illustrated by the pathophysiologic sequence of insulin shock. Severe decrease in blood glucose deprives the brain of the fuel and stops brain functions, whereas the heart continues to function because myocardial contraction depends mainly on the metabolisms of fatty acids. (Brain homogenates without a blood-brain barrier also metabolize fatty acids.) Both ATP-requiring enzymes in the glycolytic pathway were found to be insensitive to anesthetic inhibition (9).
Indeed, most purified enzymes, either ATP-dependent or independent, are insensitive to anesthetic inhibition. This is one of the reasons that the biochemical approach has not been successful in elucidating the molecular mechanisms of anesthesia.
ATP Utilization: Bioluminescence. Probably the only exceptions to the statement in the preceding paragraph are the firefly light-emitting enzymes. Firefly tails contain a light-emitting substance, luciferin, and an enzyme luciferase (16). The luciferin and luciferase can be extracted from the firefly tail homogenate as a cell-free solution. When ATP is added, the solution emits a burst of light. The light intensity is proportional to the amount of added ATP. When diethyl ether or halothane are, however, added to the extract, the ATP-induced light intensity is drastically reduced at clinical concentrations (17, 18) . At a first look, it appears that the energy transduction from ATP to light is suppressed by the anesthetics. But energetically, photon emission requires much more energy than the free energy of ATP. The energy for photon emission is provided by the direct oxidation of luciferin by molecular oxygen and not from the ATP free energy. ATP is an allosteric modifier, transforming inactive luciferase into an active state that is more suitable in oxidizing luciferin.
All purified luciferases appear to be inhibited by anesthetics at clinically comparable concentrations. White and associates (19,ZO) reported anesthetic inhibition on crystalline bacterial luciferase. In this case, ATP is not involved, the cofactor being flavin mononucleotide. It is interesting to note that flavin mononucleotide is an organic phosphate similar to ATP.
ATP Hydrolysis: ATPases. Among ATP hydrolyzing enzyrnes'(ATPases), the sodium-and potassium-activated ATPase (Na' + K' ATPase) may have special relevance to anesthesia mechanisms because it has 1984;63:929- 45 often been suggested that the enzyme protein in Na+ + K + ATPase constitutes the sodium and potassium pump machinery. This enzyme was first isolated by Skou (21) in a crustacean nerve. It is also found in mammalian tissues and is a membrane-bound enzyme. When anesthetics were added to a partially purified Na' + K + ATPase from the rabbit cortex, however, the results were rather disappointing (22). Concentrations of anesthetics about ten times higher than those used clinically were required to show clear inhibition, findings also supported by others (23-26).
The difficulty of this line of research is the complete lack of understanding of the process whereby energy is supposedly transduced from high energy phosphates to neuronal activity. The fact that light emission of a firefly luciferin-luciferase system does not involve free energy of ATP, despite the rigid stoichiometry between the light intensity and the amount of available ATP, makes one wonder whether the free energy of so-called high energy phosphates has any relevance to the energy of neuronal activity.
Ion pumping against concentration gradients (or electrochemical potential) is analogous to moving a heavy object uphill, and it requires a large amount of energy. As in the case of firefly bioluminescence, one wonders whether the free energy of ATP is sufficient for this translocation. Ling (27) contended that the available ATP free energy is not sufficient to operate all pumping mechanisms.
Specificity Versus Nonspecificity of Anesthetic Action
Specific action as defined here requires a specific receptor site(s) with which inhalation anesthetics bind. Nonspecific action implies that anesthetics work by changing the physical properties of the macromolecular structure; no specific receptor is required. Neurophysiology and neuropharmacology tend to assume receptor sites, whereas biophysics generally favors nonspecific action. The following are the biophysical views.
The works of Overton (28) and Meyer (29) at the beginning of this century are well known to anesthesiologists. The excellent correlation between anesthetic potency and olive oil solubility made this solvent a standard material to measure the lipophilicity of anesthetic agents. Although less popular with anesthesiologists, Claude Bernard published an essay in 1875 (30) in which he also used a biophysical approach to investigate anesthesia mechanisms. He emphasized that anesthetics are not a special poison to the neuronal system, and that all tissues are affected.
Using an animal muscle model, he reported that chloroform and diethyl ether decreased excitability of the muscle. At the same time the muscle became rigid and the transparency was decreased. When the anesthetics were removed, the muscle returned to the original state. He interpreted these observations as a physicochemical phenomenon and discussed the similarity between this phenomenon and that of snails losing transparency and activity when placed in arid conditions, returning to normal appearance and activity when adequate humidity is regained.
In modern terminology, Bernard (30) envisioned anesthesia as a reversible equilibrium state of protein colloid in which the conformation and the state of its hydration changed. He also emphasized the advantage of introducing a suitable model that can be used successfully to analyze drug effects. His wisdom probably encompasses the whole present concept of anesthetic-protein interactions.
Thus the biophysical approach has a long history of using model systems. Nevertheless, the model approach is still criticized. The typical argument is that the observed effects of anesthetics in model systems may equally be caused by organic solvents other than general anesthetics. This is the common misunderstanding of many critics, even those who are knowledgeable about anesthesia. It is, therefore, worthwhile to clarify these misunderstandings about anesthesia.
All lipophilic membrane perturbants, including gases, hydrocarbons, halogenated hydrocarbons, ethers, halogenated ethers and other organic solvents, are anesthetics when given at sufficiently high partial pressures.
The anesthetic potency of xenon was firmly established when Cullen and Gross (31) successfully anesthetized a patient solely by xenon gas for a surgical procedure. Anesthetic effect of nitrogen gas became evident in scuba diving; at about 30 atm, nitrogen gas is a potent anesthetic. Carbon dioxide anesthesia has been recognized as "COz narcosis" among patients with certain types of pulmonary disease, and Eisele et al. (32) estimated that the MAC of C 0 2 was 0.3 atm in dogs. Such gases are obviously unsuitable for clinical application because of the high cost of xenon, the high pressure required for nitrogen, and the changes in pH and other side effects associated with carbon dioxide.
Many organic solvents are precluded from clinical uses, not from the lack of anesthetic potency but because of toxicity to vital organs. Even the convulsant gas, fluorothyl (Indoklon), is an anesthetic with an ED50 in mice for loss of the righting reflex 1.22 atm (33).
UEDA AND KAMAYA
There are two exceptions: helium and long-chain alcohols. Helium is an exception because the partial pressure required for anesthesia is so high that the ordering effect of pressure counterbalances the disordering effect of the gas; hence, anesthesia does not occur. In a series of n-alcohols (straight-chain alcohols), the anesthetic potency increases according to the increase of the chain length until it exceeds about 10-12 carbon atoms, where anesthetic action suddenly disappears. The sudden loss of anesthetic potency is generally attributed (34, 35) , with some reservations (36) to the change in their effect on membranes from disordering to ordering. In addition, large hydrophobic molecules with many carbon atoms cannot reach the brain because solubility into water is too low.
Demonstration of the anesthetic potency of xenon appeared to have conclusively settled the argument in favor of nonspecific action (37,38). Butler (37) , for example, stated that "if the inert gases can be considered as true anesthetics, the action of these spherically symmetrical atoms without any permanent dipoles furnishes the most conclusive demonstration that anesthesia need not depend on the effects of any specific structural groupings." Xenon, an element incapable of forming ionic, hydrogen, or covalent bonds with other atoms under physiological conditions, restricts all postulated mechanisms of anesthesia to the physical level of molecular interactions (38). The nonspecific interaction force eliminates the possibility that only a specific group in a specific macromolecule is allowed for its binding. In this situation, the "lock and key" relationship, as in the case of specific receptors, is nonexistent.
Despite the above, the receptor hypothesis has, nevertheless, recently flourished, and several articles have appeared questioning the validity of the concept of nonspecific action of anesthetics.
Receptor Theories
The opening article (39) of a multiauthored text entitled "Molecular mechanisms of anesthesia" is dedicated to the subject of receptor versus general perturbation theories of anesthesia. In this article, Hille (39) apparently favors specific receptor concepts, but his inclination toward the specific receptor concept may be based on his studies of the action of aromatic amine local anesthetics.
There is a tendency to treat local and general anesthesia as similar events, because alcohols and inhalation anesthetics block conduction of excised nerves when the concentration is increased. However, there is no reason to believe that aromatic amine local an-esthetics work in the same way as inhalation anesthetics or alcohols. There are, for example, reports in "Molecular mechanisms of anesthesia" that show the stereospecificity of aromatic amine local anesthetics and the inability of high pressure to reverse the nerve conduction block induced by local anesthetics. Aromatic amines are a special drug group, and may act differently upon nerve conduction than inhalation anesthetics and a large number of atypical local anesthetics such as tranquilizers, antihistaminics, @-adrenergic blockers, barbiturates, narcotics, and alcohols.
Oyioid Receptors
The discovery of endogenous opioids and opioid receptors inspired an expectation of specificity of anesthetic action, assuming that anesthetics may affect either opioid output, opioid binding, or both (40) (41) (42) . Conflicting results appeared (see a review by LaBella (43)) on the opioid agonism theory of anesthesia, in part because almost all studies were performed with the opioid antagonist, naloxone. Because there is no perfect agonist-antagonist pair, it is difficult to draw a conclusion from these reports. The general consensus at present is that opioid receptors are probably not directly involved in the mechanism of action of anesthetics (44) (45) (46) (47) (48) .
LaBella (43) postulated specific protein receptors for anesthetics on the grounds that intraventricular infusion of @-endorphin induced "anesthesia"; stereospecificity was reported to be present in toxicities of chlorinated hydrocarbon insecticides; a slight change in the chemical structure of barbiturates resulted in convulsant activity; and the absence of an additive effect with combinations of chlorinated hydrocarbon insecticides.
The above claims about the presence of specific receptor to anesthetics are opposed by the following. 1) Endogenous opioids are generally assumed to be irrelevant to anesthesia, as mentioned earlier; even the profound analgesia produced by large doses of morphine and its analogs is not the same as the state of general anesthesia produced by inhalation anesthetics. The state of indifference induced by narcotics must be differentiated from the state of true anesthesia. 2) Stereospecificity for anesthetic action (not insecticidal action) has not been reported with halothane enantiomer (CF3C*BrC1H, where C* signifies asymmetric carbon).
3) The action of barbiturates may not be identical with inhalation anesthetics, and convulsant activity per se does not necessarily mean that the compound lacks anesthetic potency (33). 4) Combinations of drugs introduce complicated problems often susceptible to misinterpretation (49). Previous 1984; 63:929-45 reports on interactions between anesthetics do not prove or disprove that any possible binding is receptor oriented, because additivity or antagonism in anesthetic potency is not necessarily related to binding with receptor (49) .
There appears to be a misconception among some anesthesiologists about the stereospecificity of drug actions. A reviewer of this article commented that "halothane enantiomers may not have stereospecificity, but there is a clear difference between the isomers enflurane and isoflurane." It must be mentioned that stereoisomers and isomers are completely different entities. An isomer is one of two or more chemical compounds with unlike structures and physical properties but with identical elementary composition and molecular weight. Stereoisomers or enantiomers are isomeric pairs of compounds whose molecules are nonsuperimposable mirror images, such as I-epinephrine and d-epinephrine, but whose molecules have essentially identical physical properties except rotatory actions upon light paths. There is no reason to expect that enflurane and isoflurane act identically, because they are dissimilar molecules with distinctly different physical properties.
Acetylcholine Receptor
Because it is generally agreed that general anesthetics inhibit synaptic transmission, many studies have attempted to show anesthetic action on acetylcholine synthesis (choline acetylase), excretion, and metabolism (acetylcholine esterase). The results have been ambiguous. For instance, application of anesthetics resulted in an increased acetylcholine output rather than an anticipated decrease at clinical concentrations (50).
Availability of acetylcholine receptor from the electric organ of a torpedo fish advanced our knowledge about molecular mechanisms of acetylcholine transmission. Inhalation anesthetics are reported to convert the native receptor protein into a high affinity conformation (51, 52) , which is correlated to the desensitization phenomenon. However, acetylcholine receptors isolated from the electric organs bind to d-tubocurare. The lack of anesthetic effect of muscle relaxants, even when given in the lateral ventricle of mice (unpublished data), conflicts with the concept of this protein as a specific receptor model for anesthetic action. Acetylcholine receptors may serve as a general protein model for the study of anesthetic interactions, but they do not represent a specific site of anesthetic action.
The effect of anesthetics on synaptic transmission is small at clinical concentrations. However, an am-plification mechanism involving synaptic transmission in the brain has been proposed by Woodbury et al. (53) . They proposed that a multisynaptic network in the central neuronal system may serve as an amplifier. Suppose there are ten synapses connected in series in a neuronal circuit that determines the consciousness level, then about 10% inhibition at each synapse would result in 65% reduction (1 -0.9'" = 0.65). This of course requires experimental substantiation.
Despite all these expectations, however, the lack of correlation between anesthetic potency and inhibition of acetylcholine transmission, regardless of nicotinic or muscarinic effectors, probably eliminates the possibility that the block of the acetylcholine transmission is directly related to anesthesia.
Other Receptor Theories
The above theories are typical receptor concepts. There may, however, be many other concepts of receptors, including enzymes, for example, and there are numerous reports on the effects of anesthetics upon certain enzymes and enzyme systems. Also proposed has been the presence of specific binding sites for inhalation anesthetics in crystalline proteins (54, 55) or specific binding proteins for anesthetics (51, 52, 57) . Shoenborn et al. (54) identified the xenon binding site in sperm whale myoglobin by x-ray crystallography. Xenon binds to a certain crevice of myoglobin and not just any place in the macromolecule. This result is quoted by Sachsenheimer et al. (55) as evidence of specific receptor sites for inhalation anesthetics. We believe, however, the findings of Shoenborn et al. (54) demonstrate nonspecific action of inhalation anesthetics rather than specific action, because the conformational change of myoglobin is hardly related to the brain function. This argument also applies to reports on the actions of anesthetics on noncerebral acetylcholine receptor proteins, such as skeletal muscle (56) and torpedo fish electric organ (51, 52) and on many other enzymes. The diversity of proteins bound by anesthetics indicates nonspecificity . This is especially true for reports on anesthetic-induced conformational change in proteins such as albumin (57) and hemoglobin (58) .
Biophysical Theories
In the nonspecific concepts, whether the target of the anesthetic action is water, protein, or lipid has been a subject of debate. Although the present authors maintain that inhalation anesthetics affect proteins and lipids indiscriminately and that the water struc-1984;63:929%45 UEDA AND KAMAYA ture is also changed, each category will be reviewed separately.
Water
The microcrystal (clathrate) theory by Pauling (59) and Miller (60) , who postulated that the site of anesthetic action is the water phase, was refuted mainly by the absence of convincing correlation between anesthetic potency and the clathrate-forming concentrations of anesthetics (61) . Some anesthetics do not even form clathrates at 0°C (61) . In addition, formation of microcrystals would show an entropy decrease (ordering effect), which does not dispense with the experimental results that show large entropy increases (disordering effect) by anesthetic binding to membranes and macromolecules. The theory, however, contributed to anesthesia research by drawing attention to the water structure. After elimination of water phase, two arguments remain for the possible site of anesthetic action: proteins and lipids. We are often misquoted as advocates of a protein theory, but the exact term we have used is lipoprotein (62) .
Proteins
Despite all the disagreements about anesthetic mechanisms, one thing appears to be unanimously agreed upon: the final step that leads to anesthesia is a change in protein properties. Lipid theories usually do not advocate that the change in the lipid property directly causes anesthesia; the change in lipid property is assumed to affect protein functions embedded in the liquid matrix of cell membranes.
However, there are ample reports that demonstrate direct interactions between anesthetics and proteins, as discussed in the preceding section. The most conclusive evidence that anesthetic action may not require change in membrane lipids is the finding (17-20) of an anesthetic inhibition of the cell-free light-emitting enzymes (luciferase). Despite the fact that the soluble enzyme protein does not contain a phospholipid membrane structure, inhalation anesthetics inhibit the light emission.
Lipids
Although direct interactions between anesthetics and proteins have been demonstrated in model systems, we contend that anesthetics interact with lipids and proteins equally. Because cell membranes are essentially lipid bilayers, and because anesthetic actions are considered to be directed toward cell membranes, anesthetic-lipid interactions have been the most intensively studied area.
Fluidity. Lipid membrane perturbation by anesthetics was first reported in the form of an increase in fluidity of neural membranes by anesthetics as detected by the electron paramagnetic resonance of a spin probe incorporated into the membrane (63). Due to the difficulty of defining membrane fluidity (to determine fluidity, membranes must flow with shear force), the term "fluidity" was substituted by the order parameter, which is clearly defined.
The difficulty in correlating membrane fluidity (or disorder) with anesthesia is that the degree of its increase is small at clinical anesthetic concentrations. Trudell (64) estimated that the increase in fluidity produced by clinical concentrations of anesthetics is equivalent to the temperature elevation of only 0.2"C. If so, then, an increase in the temperature by 0.2"C should induce anesthesia. That this is obviously not the case essentially invalidates the fluidity theory.
Phase Transition aizd Lateral Phase Separation.
Phospholipid bilayers exist in at least two phases: solid-gel at lower temperatures and liquid-crystalline at higher temperatures (Fig. 1) . In the gel state, phospholipid molecules are in an ordered array and the motion is limited in three dimensions. The lipid tails are in a stretched-out conformation without kinks. In the liquid-crystalline state, phospholipid molecules retain some freedom to move around in two dimensions. Lipid tails are not straight and contain a certain number of kinks (called gauche rotation).
Phase transition between the liquid-crystalline state and the solid-gel state is analogous to that between water and ice. When the liquid-crystalline membrane freezes into the solid-gel state, a large amount of latent heat is released (exothermic reaction) as in the case of water freezing. In this context, it may be worthwhile to mention the possible relevance of phase transition to malignant hyperthermia. There are two ways to produce heat in chemistry: one is by chemical reaction, such as oxidation, and the other by phase transition. Malignant hyperthermia has been viewed as an enhanced, uncontrollable oxidative process. Phase transition of cell membranes releasing a large amount of latent heat should also receive attention as a possible source of heat.
The phase-transition temperature of lipid membranes is decreased on the order of several degrees by clinical concentrations of anesthetics . This large temperature decrease has been implicated (64) as an amplifying mechanism of membrane fluidization to link physical properties of cell membranes to anesthesia mechanisms.
It has been postulated that there are clusters of frozen domain (solid-gel) existing in the dominant bon-carbon connections in the lipid tails contain kinks, called gauche rotation, and require more space (free volume) than the straight carbon chains of the solid-gel state. The molecules are sparsely packed. Each molecule has certain freedom in movements in the two-dimensional plane parallel to the membrane surface, but the movement is somewhat restricted in the direction perpendicular to the membrane surface. Melted state. (c) Isotropic state. There is no regularity in lipid assemblies. This is seen, for instance, when the molecules are dissolved in an organic solvent: lipid molecules are dispersed in the bulk liquid and free to move all directions. (d) Lateral phase separation. Clusters of the solid-gel and liquid-crystalline states coexist. When oil and water are mixed, they separate into two phases vertically. In membranes, two phases separate in side by side, hence it is called "lateral" phase separation. liquid-crystal domain at physiological temperatures (89) . The coexistence of solid and liquid domains is proposed to be an essential feature of biological membranes and is designated as lateral phase separation (Fig. 1) .
Because the membrane surface area of liquid-crystalline state is larger than the gel state, coexistence of two states provides the membrane with large lateral compressibility by transforming liquid lipids into solid lipids (or expansibility, by transforming solid lipids into liquid lipids). The theory assumes that ion channels occupy a larger membrane area when conducting and a smaller area when nonconducting, and that if anesthetics transformed the lipid membrane into a predominantly liquid crystalline state, lateral compressibility of lipid membranes would be decreased and the membrane cannot accommodate large open channels, therefore ion channels would be closed (64, 73) .
Cooperativity of Phase Transitioii a i d Cluster Fluctuation. Halothane increases the width between the beginning and finish of the phase transition in the temperature scan. Mountcastle et al. (78) proposed the flickering cluster model: a group of phospholipid molecules fluctuates between liquid-crystalline and gel states synchronously as a cluster in a dominant domain at the transition temperature. The size of the cluster is assumed to represent the apparent "cooperativity" of phospholipid molecules at the phase transition and is approximately an inverse function of the width of the transition temperature; the larger the cluster size, the sharper the transition temperature becomes (90) .
Because the volume of the liquid-crystalline state is larger than the gel state, the cluster fluctuation will cause membrane volume to fluctuate. Mountcastle et al. (78) estimated that the membrane volume fluctuates about five liters per mole of dipalmitoylphosphatidylcholine when the number of the phospholipid molecules in a cluster is 200. When the cluster size (cooperativity) decreases, so does the magnitude of the membrane fluctuation. They assumed that proteins are also in a dynamic state, fluctuating between large and small volume states, and proposed that the membrane volume fluctuation is necessary to accommodate the protein volume fluctuation. The anesthetic broadening effect on the transition temperature is interpreted as reducing the cluster size (or decreasing cooperativity), and the decrease in the magnitude of the membrane volume fluctuation interferes with protein functions.
The idea may be viewed as a dynamic version of lateral phase separation, which postulates that the decrease in the lateral compressibility of the lipid membrane caused by anesthetics somehow interferes with the transition of channel proteins from the resting state to the conducting state.
A criticism by Nagle (91) of the above cooperativity model proposed by Mountcastle et al. (78) has been that this procedure is only a simple curve fitting and falls short of explaining the molecular mechanism.
Aside from this criticism, the decrease of the size of cooperative cluster unit (increase in the temperature span of the phase transition) cannot be the primary mechanism of anesthesia, because ethanol, diethyl ether and many other anesthetics are reported to show no effect on the temperature span (68, 75) . Pringle et al. (36) also pointed out that anesthetic potencies do not correlate with the temperature span of lipid phase transition. Nevertheless, the existence of the temperature span and its increase by certain anesthetics are theoretically interesting and deserve future study with regard to the mechanisms of the lipid phase transition.
Lipid-Protein Infemcfiou. The biomembrane structure is viewed at present as various oroteins embedded in the matrix of a lipid bilayer. 1 he lipid-protein interaction is a subject of intense study to clarify membrane function (see, for instance, the review by Chapman et al. (92)).
Since most lipid theories of anesthesia assume that anesthetics are dissolved in the lipid region of cell membranes and affect the functions of membrane proteins, the lipid-protein interaction is implicated as the action site of anesthetics. It has been suggested that membrane proteins are surrounded by boundary or annulus lipid molecules that may have different properties than the dominant lipid matrix. A theoretical model for the properties of boundary lipids has been reported (93).
Trudell (73) proposed a unitary theory of anesthesia in which the boundary lipid is considered to be in the disordered structure where anesthetic molecules bind. In his framework, the dominant lipid matrix is depicted as existing in an ordered structure. Anesthetic binding to the boundary region increases the liquid-crystalline domain and eventually transforms the membrane into a disordered structure. As a consequence, the membrane cannot facilitate the conformational changes of proteins that may be essential for membrane functions. Galla and Trudell (85) reported such a decrease in lateral phase separation in a model lipid (dipalmitoylphosphatidic acid) bilayer penetrated by a model protein (polymyxin-B).
Pressure Rezvrsal of Atzesthesin
The major breakthrough in anesthesia research occurred in 1942 when Johnson, Eyring, and coworkers demonstrated that simple hydrostatic pressure of 100-150 atm reversed the anesthetic inhibition of the light intensity of luminous bacteria (94) (95) (96) . Johnson and Flagler (97) further demonstrated the pressure reversal of anesthesia in tadpoles.
The pressure-reversal of anesthesia demonstrates the importance of chemical thermodynamic methods in untangling anesthetic action. In this context, anesthesia research is very different from most of the health science studies, which are mainly biochemically or physiologically oriented. This may be the reason for the delay in gaining attention to this discovery in the biological community. More than a quarter of a century later, in the 1970s, the pressure effect was confirmed (98) (99) (100) . The rediscovery of the pressure reversal of anesthesia sparked a surge of renewed interest in studies of anesthesia mechanisms. However, most studies were limited to the phenomenological description of pressure antagonisms of various anesthetic agents, and enthusiasm gradually subsided, probably because further analysis was difficult.
According to thermodynamics, a change in the equilibrium constant ( K ) , such as the depth of anesthesia, by pressure ( P ) expresses the volume change according to the following equation:
where T is the absolute temperature and R is the gas constant. Here, AV is the excess volume difference. This A V is the volume difference in the total system before and after a reaction, and is different from the membrane expansion caused by the space occupation of anesthetic molecules in the membrane. It does not matter whether anesthetics or membranes or both change the volume.
We would like to emphasize that all anesthesia induced by inhalation anesthetics is reversed by high pressure; no exceptions have been reported. The exceptions are only found in local anesthesia induced by aromatic amine compounds. According to the principle that propositions in the contraposition pair are equivalent statements, "all anesthesia is reversed by high pressure" is equivalent to "what is not reversed by high pressure is not anesthesia." In other words, without excess volume increase, anesthesia cannot occur. This subject has been reviewed (101) . This thermodynamically defined AV is often confused with the membrane expansion proposed in the membrane stabilization concept.
Me? t ibrrz t ie S fa bil izn t io tz
Shanes (102, 103) designated drugs that inhibit the action potential without affecting resting membrane potential as "membrane stabilizers." He speculated that the membrane stabilization is caused by two-dimensional expansion of cell membranes by nonspecific interaction of stabilizer molecules constricting the sodium channel. Shanes and Gershfeld (104) reported such an area expansion by membrane stabilizers in lipid monolayers spread on the air-water interface. The basic idea that the increased lateral pressure of the membrane dysfunctions ion channels is essentially unchanged in most of the recent lipid theories of anesthesia mechanism.
Seeman expanded the idea of membrane stabilization in excitable cells to the mechanical "stabilization" of nonexcitable erythrocytes against hypotonic hemolysis (105) . Seeman et al. demonstrated that many drugs, including tranquilizers, antihistaminics, narcotics, and general and local anesthetics, suppressed hypotonic hemolysis and concomitantly increasing the erythrocyte membrane area (105) .
Seeman and Roth (106) estimated the membrane area expansion is about 2% with drugs at nerve blocking concentrations and about 0.4% with general anesthetics at surgical concentrations. The difference in the magnitude of expansion between general and local anesthetics is caused by the difference in their concentrations required to achieve general and local anesthesia. All general anesthetics block nerve conduction in isolated nerve preparations when the concentration is increased about 5-10 times the level that induces a surgical stage of general anesthesia.
Because "membrane stabilization" conveys a vague but intuitively attractive idea about the state of cell membranes, the term has been widely abused. For instance, the inhibitory action of adrenergic p-receptor blockers upon nonadrenergic cardiac arrhythmias is often referred to as membrane stabilization. The term is sometimes used synonymously with local anesthetic actions. We have shown (107) , however, that the nerve blocking concentrations of clinically used aromatic amine local anesthetics do not correlate with those of antihemolytic actions. Nevertheless, actions of all other atypical local anesthetics correlate very well with antihemolytic activity. The explanation for this discrepancy is not readily available. Perhaps nerve block can be achieved by two different mechanisms: specific and nonspecific interactions (107) . The problem is beyond the scope of this presentation.
Seeman (105) further speculated that expansion is uniform in all directions and calculated that membrane stabilizers increase the membrane volume about one order of magnitude in excess of the volume of the incorporated stabilizer molecules. This estimation was criticized by Trudell(108) on the ground that the membrane thickness decreases when the membrane area is increased. He (108) reexamined Seeman's data and concluded that the expansion is about equal to the volume of the stabilizer molecules incorporated into the membrane.
Membrane Volume Expansion
Mullins (109) considered that anesthetic potency is proportional to the work required for anesthetic mol-ecules to penetrate into membranes. Because this work depends strongly on molecular size according to the regular solution theory, he hypothesized that the volume of anesthetics incorporated into the membrane may have significant effect upon anesthesia. Mullins (109) examined the correlation proposed by Overton (28) and Meyer (29) between olive oil solubility and anesthetic potency, and reported that the volume of anesthetics partitioned into the oil phase shows a better correlation than the number of anesthetic molecules. According to Overton and Meyer, the number of anesthetic molecules dissolved in the lipid part of membranes determines the depth of anesthesia. According to Mullins, the volume of anesthetic molecules dissolved in the lipid part of membranes determines the depth of anesthesia. The difference between the number and volume, however, is not large and remained ambiguous in his analysis.
Critical Volume Hypothesis and Mean Excess Volume
Miller et al. (99) used high pressure to distinguish between the number and volume hypotheses. They anesthetized newts in a pressure chamber and measured the pressure that antagonized the anesthesia. From the goodness of the linearity of the plot of pressure effect upon anesthesia depth, drawn according to the two hypotheses, they supported Mullins' idea: anesthesia occurs when the volume of anesthetics incorporated into the membrane exceeds a critical value.
The critical volume hypothesis postulates that the dimension of the membrane determines anesthesia depth. High pressure antagonizes anesthesia by the compressibility of the membrane (or the action site). In contrast, the mean excess volume hypothesis (101) postulates that the mean excess volume of the total system, similar to the AV defined by equation (1) determines the depth of anesthesia, rather than the dimension of the membrane. Pressure reversal involves not the compressibility of the membrane but reversal of reactions that leads to expansion of the system volume.
Although Miller et al. (99) performed their experiment under high pressure, the excess volume, AV, was not considered. This is because the critical volume hypothesis was not derived according to thermodynamics. We have derived the critical volume hypothesis according to thermodynamics (101, 110) . The derivation shows that the critical volume hypothesis holds only when all other factors that contribute to system volume remain constant under high pressure. These factors include the following interactions: the anesthetic molecules and bulk water, anesthetics and water in the lipid phase, lipid structural changes produced by anesthetics, anesthetic volume changes in the lipid phase, and changes in the interaction forces between lipid and water by the presence of anesthetics. We emphasize that the analysis of each factor that contributes to the system volume may be the key to elucidate the molecular mechanisms of anesthesia.
The critical volume hypothesis ignores the difference between the anesthetized and unanesthetized states regarding thermal expansibility, compressibility, and partial molal volumes of all components (110) . These omissions are equivalent to a conclusion that volume has no relevance to anesthesia, because the system volume is defined as the summation of partial molal volumes of all components, as follows:
I where V is the total system volume, subscript i is the ith species, PI is the number of molecules, and 5 is the partial molal volume.
The inapplicability of the number hypothesis in the high-pressure condition is obvious, because the number of anesthetics in the lipid phase (Henry's solubility coefficient) is only dependent upon temperature and not on pressure in ideal cases. Although nonideality of anesthetic gases may deviate the results to a certain extent, the number of anesthetic molecules in the membrane should not change with pressure. If the anesthetic depth is determined by the number of anesthetic molecules in the membrane, high pressure cannot antagonize anesthesia.
Criticisms of Lipid Membrane Exymsioir
The idea of nonspecific membrane expansion inducing anesthesia was criticized by Franks and Lieb (111, 112) . Their argument is based on two lines of experimental findings: membrane structure and volume. They reported (111) that phospholipid membrane thickness was not changed by clinical concentrations of anesthetics when measured by x-ray diffraction. With the use of the Raman scattering technique, Lieb et al. (113) also reported that they could not find any change in the order of phospholipidcholesterol membranes produced by clinical concentrations of inhalation anesthetics.
The second reason for criticizing the lipid membrane expansion theory was that natural and model membranes do not expand when anesthetics (ethanol and halothane) are incorporated into the membrane (112) . There were no differences in partial molal volumes of anesthetics between those dissolved in water and those incorporated into the membrane and were equal to the molal volume of liquid anesthetics (112) .
(Partial molal volume is a thermodynamically defined parameter for the volume of a solute dissolved in a solvent .)
The result that the partial molal volume of anesthetics in water was equal to the molal volume of liquid anesthetics is strange because the volume of hydrophobic molecules decreases when dissolved in water (114) . It is well known that when 50 ml of ethanol is mixed with 50 ml of water, the total volume does not reach 100 ml. This is because the partial molal volume of ethanol is smaller than the molal volume of liquid ethanol (ethanol volume shrinks in water). The experimental result of Franks and Lieb (112) on ethanol-water mixing showed that the ethanol volume in water did not change from the liquid volume. In other words, the total volume became 100 ml. Kita et al. (115) and Mori et al. (110) have clearly shown that there is about a 15-20% volume decrease when anesthetics are dissolved in water.
The failure by Franks and Lieb (111, 112) to detect the changes in the membrane thickness or the order of lipid tails by clinical concentrations of anesthetics may be caused by the low degree of the change in this parameter, as discussed earlier; Trudell (64) estimated that the decrease in the lipid-chain order by clinical tensions of anesthetics is equivalent to only a 0.2"C temperature increase.
Changes in the lipid membrane thickness by anesthetics has been reported by several authors (116) (117) (118) (119) (120) (121) (122) (123) (124) . Ebihara et al. (119) and Reyes and Lattore (120) have shown conclusively that anesthetics decrease the membrane thickness when solvents are excluded from the model membrane. (Model membranes are formed with or without a solvent, such as decane). Using a planar lipid bilayer, Yoshida et al. (123, 124) demonstrated that anesthetics decreased the membrane thickness about 6% at clinical partial pressures.
Bull et al. (125) also concluded that the membrane expansion is irrelevant to anesthesia mechanism. They used a glass micropipette and a microscope to measure directly the size of a single erythrocyte membrane, and reported that nonanesthetic long-chain n-alcohols, i.e., tridecanol, tetradecanol, and hexadecanol, as well as inhalation anesthetics and short-chain n-alcohols expanded the erythrocyte membrane. The magnitude of the membrane expansion was about equal to the size of these molecules incorporated into the membrane. On the basis that nonanesthetic molecules expanded the membrane, these authors rejected the idea that anesthesia occurs by the membrane expansion proposed by the critical volume hypothesis. This result shows conclusively that the dimension of membranes is irrelevant to anesthesia. The molecule has identical properties in all directions, and is nonpolar. A chloroform molecule contains three chlorine atoms (bottom) and a hydrogen atom (top). Chlorine atoms have stronger affinity to electrons than hydrogen atoms, hence the electrons are pulled to the plane composed of the three chlorine atoms. This plane becomes negatively charged, whereas the hydrogen atom is positively charged. The molecule is polar.
Interface and Electrostriction
Most lipid theories envision anesthesia as perturbation of the lipid tail. But this does not explain why apolar molecules, such as propane, butane, and cyclopropane, that preferentially localize in the center of lipid bilayers (127, 128) and are primarily lipid-tail perturbants, are weaker anesthetics than slightly polar molecules such as chloroform and modern inhalation anesthetics that tend to localize at the membrane-water interface. That weakly polar hydrophobic molecules are usually stronger anesthetics than their nonpolar counterparts (Fig. 2) was used in the drug design for synthesis of the first modern nonflammable anesthetic, halothane (126) . The amphipathy of anesthetics suggests that the action site of modern inhalation agents may be the interface rather than the lipid core of membranes and macromolecules. From the capacitance and conductance change of planar lipid bilayer membranes, Yoshida et al. (123, 124) have shown that chloroform, halothane, and enflurane do not penetrate into the membrane core unless the interface is saturated by the anesthetic molecules. Direct evidence that modern anesthetics interact with interface is provided by proton nuclear magnetic resonance spectroscopy (NMR) by monitoring the thermotropic phase transition of phospholipid membranes (70, 83) . When the membrane melts, protons in the phospholipid molecule start moving faster. The sudden increase of proton motion at phase transition is visualized in NMR spectra by the sharpening of the signal peaks. Because the lipid tail protons (core) and choline head protons (interface) appear at a different position in the frequency domain, the property of the lipid core and interface can be monitored separately by NMR.
In the absence of anesthetics, sudden increases in the proton motion occurred simultaneously in the choline head and lipid tail protons (70, 83) . In contrast, the anesthetic-induced phase transition occurred at different anesthetic concentrations. The motion of choline protons was increased at lower anesthetic concentrations compared with lipid tail protons (70, 83) . This dissociation demonstrates that the primary action site of modern inhalation anesthetics may be interfacial.
Except for N20, all inhalation anesthetics currently in use have hydrogen atom(s) that can be identified by proton NMR. Kaneshina et al. (129) used methoxyflurane, which has protons (hydrogen atoms) in each end of the molecule (HC12C.CF2.0.CH3), to visualize the anesthetic molecule bound to surfactant micelles. The chemical shift of the NMR signal (which reflects the physical property of microenvironment where the protons reside) by the macromolecular association showed that the two ends have different solubilities in the hydrophobic domain. The single proton of ethylene moiety did not penetrate into the lipid core and stayed at the interface, in contact with the aqueous phase, whereas the three protons of the methylene moiety were more lipophilic. Apparently, methoxyflurane binds to the micelle with its long axis perpendicular to the interface and does not mix isotropically with the hydrophobic core.
Similar findings that anesthetics do not lose contact with the aqueous phase when bound to macromolecules were reported by thermodynamic studies on the anesthetic binding with phospholipid vesicles (84, 87) and surfactant micelles (130) (131) (132) . Micelles are formed by aggregation of many surfactant molecules and have a macromolecular structure. The structure is characterized by a hydrophobic core surrounded by a hydrophilic surface that may be uncharged (nonionic surfactant), positively charged (cationic surfactant), or negatively charged (anionic surfactant), and has been used successfully as a model for biological macromolecules. In these preparations, anesthetics are shown to bind to the surface, not penetrate into the hydrophobic core.
Lipid theories of anesthesia often ignore lipid-water interactions. Nevertheless, lipid membranes or micelles cannot be formed without water. (Can one make soap bubbles without water?) The fact that the stable formation of lipid membranes requires the very existence of water molecules indicates that the water UEDA AND KAMAYA phase is not a simple supporting matrix for the membrane but that interaction between water and lipid molecules is essential.
The structure of lipid membranes is supported by water molecules and becomes disordered whenever the supporting water-lipid interaction is weakened. The above experimental results (83, 87, 123, 124, (129) (130) (131) (132) reveal that modern inhalation anesthetics tend to accumulate at the membrane-water interface, indicating that anesthetics displace bound water molecules, breaking the hydrogen bonds. The hydrogen-bond breaking activity of inhalation anesthetics has been extensively studied by Sandorfy and associates (133) (134) (135) , using infrared spectrophotometry. They have shown that an excellent correlation exists between anesthetic potency and hydrogen-bond breaking activity.
It is generally accepted that there are clusters of bound water molecules at the interface (136-14.0). These water clusters show different characteristics from free bulk water molecules. The ice polymorphism under high pressure is well known, and structures up to Ice-XI have been reported (see, for instance, Kamaya et al. (140) ). Among these structures, only Ice-I (ordinary ice) has the density lighter than bulk water; all other forms are heavier. Ice-I11 exists at about 3 kbar, and the density is 15% heavier than bulk water.
Biological membranes and macromolecules contain electrostatic charges at the surface produced by ionization of dissociable moieties in aqueous media, The electrical field around a charge, in the range of one million volts per centimeter, interacts with water dipole. This intensive attractive force compresses the crystalline structure to deform hydrogen bonds. Forces of the magnitude necessary to form Ice-I11 are exerted on the water dipole. The attracted water molecules form a dense structure, somewhat like Ice-I11 with the deformed hydrogen bonds, decreasing the volume about 15% compared with the bulk phase. This reduction of volume is known as electrostriction (136) (137) (138) (139) (140) . When one mole of electrostricted water molecules is released into bulk water, the volume expands about 2.7 ml (136) (137) (138) (139) (140) .
The secret of biological activity appears to be based on the anomalously high structure-forming capability of water molecules to form hydrogen bonds. If anesthetic molecules are adsorbed at the interface and displace the electrostricted water molecules, they are released into the bulk water and increase the total system volume. The dehydrating effect makes the interface more hydrophobic (whether on the cell membrane surface or the surface of the ion pores); penetration of the hydrated ions that carry electric current through the membrane becomes sluggish, with concomitant expansion of the total volume. The release of structured water could account for the entropy increase (disordering effect) observed with anesthetic binding with membranes.
Perturbation of the lipid core causes lateral expansion of the membrane and decreases the surface density of the hydrophilic moiety of membrane molecules. This would decrease the surface potential, because surface potential is determined by the charge density at the unit area. When the hydrophilic parts are placed close together, surface potential is stronger, and vice versa. It is entirely possible to explain the weaker anesthetic potency of apolar molecules such as alkanes on the ground that the action is not directly oriented to the interface; the decrease in hydrophilicity of the membrane interface is secondary to lateral expansion of the membrane. The so-called disordering or fluidizing effects of anesthetics may not be directly related to the molecular mechanism of anesthesia.
The following accumulated experimental evidence suggests that anesthetics dehydrate membrane surfaces. An aqueous suspension of nonionic surfactant micelles becomes suddenly turbid when heated to a critical temperature, known as the cloud point, and expands the volume. The volume expansion is caused by release of structured water molecules from the hydrophilic surface. Inhalation anesthetics decreased the cloud-point temperature, indicating that the anesthetics promote dehydration of the hydrophilic surface of the nonionic surfactant micelles (130) . With ionic surfactant micelles, decrease in the surface charge was demonstrated that would release electrostricted water molecules (131) . Decreases in the surface charge of macromolecules by inhalation anesthetics were also demonstrated in an aqueous solution of bovine serum albumin (141) . The volume of proteins decreases when dissolved in water. The main cause of this volume reduction is attributed to electrostriction (139); contribution from the difference in conformation of the polypeptide chain and packing efficiency is minor. From the difference in the partial molal volume of bovine serum albumin dissolved in water and the volume of dry albumin, Ueda and Mashimo (142) estimated that about 720 water molecules are electrostricted on the albumin molecule when dissolved in water and 110 water molecules are released when 58 mmolal diethyl ether are added. Similar release of electrostricted water molecules was demonstrated with an aqueous solution of a polypeptide (143).
Hypo t k er 11 1 ia
The biophysical theories of anesthesia have difficulty in explaining the anesthetic action of low temperatures. The notion that anesthetics disorder the mem-brane (or protein) indicates that the entropy (disorderliness) of the system is increased. Because orderliness usually increases with a decrease in temperature, the excitability of nerve cells should increase at lower temperature. The sequence appears to contradict hypothermia narcosis.
Trudell (144) proposed that there is an optimal composition for lateral phase separation, and too much disorder or too much order may be equally unfavorable for the normal function of membranes. However, the lack of anesthetic potency of long-chain alcohols, which increase the order of lipid membranes, is difficult to reconcile with the above idea.
The temperature effect is not limited to the property of the membrane alone. It also has an effect upon the kinetics of all reactions. The activity of enzymes is strongly decreased at low temperatures. In living organisms, excitability of cell membranes may be compromised by the overall metabolic activity, which is also temperature dependent. Hypothermic anesthesia may be an entity different from the change in the membrane property and may depend upon the sluggishness of the reaction kinetics in the total system. Howarth et a]. (145) demonstrated that nerve excitation is an exothermic reaction. Consider a case of freezing of water into ice. In this exothermic transition, high temperature favors the water phase, the initial state. The fact that nerve excitation (transition from the resting state to the excited state) is exothermic indicates that high temperature favors the resting state (initial state) and low temperature favors excitation. This thermodynamic argument sounds rather peculiar, but in the isolated squid giant axons, Inoue et al. (146) demonstrated unequivocally that a decrease in temperature to about 5°C depolarized the membrane; raising the temperature to 15°C reversed the depolarization to the resting state. High temperature supports the resting membrane potential and low temperature supports the excitation. Spyropoulos (147) also reported with toad nerve fibers that the depolarized membrane returned to the resting state when the temperature was increased. Probably in these simplified systems, membrane characteristics predominate in the excitation process, whereas in studies in vivo, these characteristics may be obscured by the state of the metabolism in general.
There appears to be a misconception about thermodynamics; a reviewer of this article argued that because the nerve excitation is a result of complex, interactive processes, including several different ionic conductances and at least two ion transport processes, the exothermic reaction cannot be analyzed by thermodynamics. On the contrary, thermodynamics is a powerful method that studies the net difference between the initial and final equilibrium states of a reaction, and the complexity of the reaction process does not affect the analysis. The fact that resting and action potentials obey the Nernst equation (equilibrium state) means that the transition between the two states can be analyzed by thermodynamics. 
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